Heat shock proteins are intracellular soluble proteins expressed consecutively in all cells. They are immunogenic proteins able to activate antigen-presenting cells by binding through the CD91 receptor and activate both CD4+ and CD8+ T-cells. Macrophage plays a pivotal role in innate immune response and secretes a number of regulatory molecules upon activation. In the present study, we investigate the activation of normal and tumor-associated macrophage to produce the effector molecules which have a role in immunomodulation, especially in the killing of the transformed or tumor cells. In vitro and in vivo treatment of NMO and TAMs (from T-Cell Lymphoma) with optimum dose 10 Jlg of hsp70 produce effector molecules such as nitric oxide (NO), hydrogen peroxide (H 2 0 2 ) and tumor necrosis factor-a (TNF a). The results of our experiments reveal that the production of effector molecules is dose-dependent, and the result of immunoblots also confirms the increased expression of iNOS. These findings suggest that autologous hsp70 are highly immunogenic and potent activating agents for the enhanced production of effector molecules in NMO and TAMs in a T-cell lymphoma.
Heat Shock Proteins (HSPs) are expressed in nearly all prokaryotic and eukaryotic cells. They are phyllogenetically highly conserved molecules performing important functions in folding and unfolding and in the translocation of proteins (1) . Because of these functions, HSPs have been termed molecular chaperones. HSPs are expressed inducibly as well as consecutively under different conditions such as stress, nutrient deficiency, infection and even in tumors. Inducible forms of HSPs protect the cells from the damage incurred due to stress, thereby exerting a cytoprotective role by inhibition of apoptosis. The HSP family consists of low molecular weights of proteins, HSP40, HSP60, HSP70 HSP90 and HSPllO. Among HSP families, hsp70 is highly conserved (2) , highly immunogenic and capable of inducing antibody production and T-cell activation. Hsp70 also plays an important role in the antigen presentation and cross-presentation of tumor antigens (3) (4) (5) . It is well documented that hsp70 induces the production of Thl cytokines such as TNF-a, IL-I, IL-6, IL-12 (6) (7) (8) (9) and the release of nitric oxide, chemokines by monocytes, and dendritic cells that induce tumor immunity by activating both innate and adaptive immune responses (10) (11) (12) (13) (14) (15) . Through the cytokine productions and their functions, HSPs may serve as a danger signal to the innate immune system at the site of tissue injury. Macrophages are most abundant at a tumor site and play a vital role in innate immune response. Upon activation, macrophages secrete several effector molecules, cytokines and chemokines for the upregulation of the immune network and the killing of transformed cells. However, the macrophages infiltrated into tumor sites have been shown to perform a pleiotrophic function and differ largely from normal counterparts in terms of receptor expression, cytokine responsiveness and other functions. Tumor-associated macrophages (TAMs) are termed as type II polarized macrophages or M 2 phenotype. These TAMs have been shown to produce an extremely low level of NO (16) and a reactive oxygen intermediate (ROT) (17) as compared with normal macrophages.
The present investigation reports the role ofHsp70 in the modulation ofTAMs function in a spontaneous transplantable T-cell lymphoma designated as Dalton's Lymphoma. Amazingly, Hsp70 induces the expression of inducible nitric oxide synthase (iNOS) and the subsequent production of Nitric Oxide in TAMs, whereas, normally it is arginasedependent (18) which accounts for the constitutive low production of NO. It also reports the enhanced production of other non-specific effector molecules such as reactive oxygen intermediate (ROI) and TNF-a by TAMs in vitro and in vivo.
MATERIALS AND METHODS

Mice and tumor system
Pathogen-free adult mice of BALB/c (H-2 d ) strain, comprising male and female, were used at 8-12 weeks of age. The mice were maintained mainly by human care in an approved animal room facility of the Department of Zoology. The mice were transplanted with Dalton's Lymphoma in ascitic form at 6-8 weeks of age, which became full-grown DL-bearing host about 18 days after transplantation. DL-celliine was also maintained in vitro in cell culture system by serial passage and in a cryopreserved state for reference. The mice were challenged with 1.5x10 6 cells/mouse by intraperitoneal injection.
Reagents
The macrophages and DL-cells were cultured ill RPMI 1640 tissue culture medium (Hi Media, India), supplemented with 10% fetal calf serum (Hyclone, Utah). All the reagents were determined endotoxin-free by Limulus Amoebocyte lysate assay (sensitivity limit is 0.1 ng/ml) and maintained sterile. The recombinant TNF-a and IFN-y were obtained from NIESC, UK, and the monoclonal antibodies for TNF-a (anti-mouse) were obtained from IMGENEX, San Diego. A secondary antibody conjugated with alkaline phosphatase was obtained from Bangalore Genie (India). The antibody for Hsp70 was obtained from Sigma Chemicals.
Isolation and purification ofhsp70
The hsp70 were isolated and purified from the culture of DL-cells grown in a short period of thermal shock condition. The DL-cell cultures were lysed in dehydrogenated glassware and clear supernatants were loaded onto a DEAE sephacel column (Amersham Pharmacia Biotech.). Elution of hsp70 was achieved by applying a 25-50 mM NaCI gradient. Fractions containing hsp70 were loaded again onto an ATP-agarose column (Sigma Co. St. Louis), and elution was achieved by applying a 0.1 mM ATP gradient. Final fractions were precipitated with 80% ammonium sulphate; the precipitates were redissolved in low salt-buffer containing magnesium acetate, dialyzed and stored. The purified hsp70 was tested for Limulus Amoebocyte assay (sensitivity limit is 0.1 ng/ml).
Isolation and activation ofperitoneal macrophages
Macrophages from healthy mice of 8-12 weeks of age were prepared by a standard method. Peritoneal exudate cells (PEC) were harvested by peritoneal lavage using chilled serum-free culture medium RPMI 1640. The PEC were then transferred into a vented plastic tissue culture flask (Tarson, India) for culture at 37°C in CO 2 incubator (Sheldon, Oregon). The non-adherent cells were removed by washing three times with lukewarm serum-free culture medium with gentle flushing. More than 95% ofthe adherent cell population was that of macrophages, as determined by morphology and non-specific esterase staining. The macrophages were then detached from the tissue culture flask using a cell-scraper (Coming, USA) resuspended in serum-free culture medium and seeded in 96-well flat-bottom culture plates (Tarson, India) at a cell density of 1.5xl 0 6 per well in the presence or absence ofhsp70.
Isolation and activation of tumor associated macrophages
Tumor Associated Macrophages (TAMs) were isolated, and the monolayer was prepared from DL-bearing mice after 7days of DL-cell transplantation. Tumor-bearing mice were killed by cervical dislocation and PEC was harvested as describedabove.AdherentpurifiedTAMswere seededin a 96wellflatbottom cultureplateat the densityof 1.5x10 6 cells/well in the presence or absence ofhsp70 for 24 hrs before assay.
Jn vivo stimulation ofmacrophages
Healthy and DL-bearing BALB/c mice of 6-8 weeks of age were administered intraperitoneally with PBS alone and PBS containing hsp70 at 1.0, 5.0, 10.0, 50.0 and 100.0 ug, and after two days a booster dose was given. After 24 hrs, the PEC were isolated from the mice of both groups by peritoneal lavage after cervical dislocation as described above, and the macrophages were harvested in a plastic tissue culture flask for later incubation in CO 2 incubator for 24 hrs, again in complete medium. Finally, adherence purified PEC were seeded in a 96-well flat-bottom culture plate for assay.
Nitrite assay for estimation ofnitric oxide production Nitrite concentration in culture supernatants was determined by a standard micro-plate assay. In brief, 50 III samples were harvested from the conditioned medium and treated with an equal volume of Griess reagent (1% sulfanilamide, 0.1% Naphthalene-ethylene-diamine dihidrochloride and 2.5% H 3P04 ) at room temperature for 10 min. The absorbance at 540 nm was monitored with a micro plate reader (UV/VIS spectrometer, Lambda2, Norwalk, Canada). Nitrite concentration was determined by using sodium nitrite as a standard. The chemicals used for the preparation of Griess reagent were obtained from Sigma Chemical Co., St. Louis.
Assay for reactive oxygen intermediate (ROJ) production
The ROI production was estimated by the standard method (19) . Briefly, 50 III samples were harvested from the conditioned medium and treated with an equal volume of red phenol solution containing 140 mM NaCl, 10 mM K 2HP04 , 5.5 mM dextrose and 5.5 nM horseradish peroxidase. After treatment with red phenol solution, adherent cells at the cell density of 1.5x10 6 were incubated for 1 hr in CO 2 incubator. Thereafter, 10 III of 1M NaOH was added and the absorbances were measured at 620 nm on ELISA plate reader.
TNF-a measurement
TNF-a in culture supernatant of PEC was determined by Sandwich ELISA (20) . Briefly, a 96-well microtitre plate was coated overnight with 50 III of rabbit anti-mouse TNF-a mAb (5 ug/ml) at 4°C in coating buffer (0.1 mM NaHC0 3 , pH8.2). The coating buffer was then discarded and the plate was washed thrice with washing buffer (PBS/ 0.05% Tween20, pH7.4), The 50 IIIofculture supernatants were added in triplicate and, for standard graded solution of recombinant TNF were also added to the wells and incubated for 1 hr at 37°C. The plates were washed three times and the unbound sites were blocked with 50 III blocking buffer (PBS/2% BSA) for 1 hr at 37°C. Thereafter, the plates were again washed three times with washing buffer, followed by incubation with secondary antibodies conjugated with alkaline phosphatase at a dilution of 1:5000, Plates were then incubated at 37°C for 60 min followed by the addition of 50 IIIof p-nitro-phenyl phosphate (NPP) (1 mg/ml in enzyme substrate buffer). Finally, the absorbance was read at 405 nM after 10-20 min on ELISA plate reader.
Western blotting
For Western blotting of hsp70, the ingredients isolated from tumor cell lysates were separated by 12% SDS-Polyacrylamide gel electrophoresis and the proteins were then transferred to nitrocellulose filter paper, The transferred bands were immunoblotted with an anti-hsp70 (Sigma) at 1:2000 dilution, followed by incubation with alkaline phosphatase conjugated polyclonal antibody at the dilution of 1:5000, Finally, the blots were incubated with nitro blue tetrazolium reagent for 10 min at 37°C.
Similarly,for iNOS gene expression, macrophages (10 5 ) were lysed in ice-cold buffer containing 25 mM monosodium phosphate (pH 7.4), 75 mM NaCl, 5 mM EDTA, l%Triton X-IOO, 100 ug/ml phenylmethyl sulfonyl fluoride (Merck), leupeptin, 10 ug/ml pepstatin, 20 ug/ml aprotinin and 10 ug/ml tyrosine (Sigma, St. Louis) inhibitor and centrifuged at 50,000g for 20 min at 4°C. The cytosolic proteins (6 ug/lane) were separated by 12% SDS-polyacrylamide gel electrophoresis. The proteins were transferred to nitrocellulose filter paper and then immunoblotted with a rabbit anti-iNOS monoclonal antibody followed by incubation with alkaline phosphatase conjugated antibody (Bangalore Genie, India) at a dilution of 1:5000. Colour was developed with blots that were incubated with NPP for 10-20 min, The colour was developed by using nitro blue tetrazolium reagent as described above.
Statistical analysis
Each value represents the mean SEM of three independent experiments in each group except for in vivo stimulation experiments where two independent experiments were conducted, Data are analyzed by using two-tailed student's t-test on statistical software package Sigma Plot, version 5,0, Differences were considered statistically significant at P < 0.05.
RESULTS
Purification ofHsp 70
Homologous preparations ofhsp70 were purified from the culture supernatant of Dalton's Lymphoma (DL) cells isolated from DL-bearing mice and cultured under thermal stress conditions as described in Materials and Methods. The protein content of the preparations was measured by Lowry's Method and 6 ug per lane of hsp70 preparations were separated by SDS-PAGE. The hsp70 purity is estimated to be greater than 95% in this preparation, as determined by bands obtained in silver staining of SDS-PAGE of purified samples. The bands obtained in silver staining were also checked and confirmed by immunoblotts ( Fig. 1 ) using hsp70 specific monoclonal antibodies.
Induction of N0 2Production by hsp70 in murine macrophages
To determine whether autologous hsp70 preparation has any effect on inducible NO formation in murine macrophages, experiments were conducted (three times in triplicate) examining the effect of hsp70 on N0 2" production, including their dose-dependency and time course. As shown in Fig. 2 , normal macrophages (NMO) and tumorassociated macrophages (TAMs) were treated with graded concentration of hsp70 (0.1 ug to 10 ug) for 24 hrs. Treated cells showed the release of a significant amount of N0 2" production after incubation in the concentration range of 1 ug to 10 ug (4.712 ± 0.45,6.549 ± 0.45 and 10.198 ± 0.89 for NMO at the concentration of 1 ug, 5 ug and 10 ug respectively), whereas, in treatment with 0.1 ug of hsp70, N0 2" production was not found to be induced. In comparison to NMO, TAM showed enhanced production ofN0 2" at the same concentration (6.913 ± 0.50, 9.23 ± 0.60 and 13.479 ± 1.05). The effect of hsp70 totally disappeared when the cultures were treated with heat-treated hsp70 preparations (data not shown). LPS-treated macrophages were taken as a control group and a significant amount ofN0 2" release (slightly lower than 10 ug ofhsp70) was found. The treatment with Hsp70+Polymixin-B did not affect the release of N0 2", excluding the probability of any endotoxin contaminant in Hsp70 preparations. The experiment for dosedependency shows that the lowest concentration for N0 2" production for both NMO and TAMs is 1 ug, therefore increasing concentration leads to a steady rise in N02" production.
Subsequently, the time course study for N0 2" production was carried out on both NMO and TAMs. The N0 2" produced in both groups of culture supernatants was demonstrated only after incubation for 12 hrs (Fig. 3) . After the incubation of culture of both groups for 12 hrs on, a steady rise in N0 2" production was shown until the end of the 48 hr observation period. TAMs showed an everincreasing production ofN0 2" in the entire situation.
Induction ofH202production by hsp70 in murine macrophages
It was observed that hsp70 treated macrophages and TAMs show an enhanced production of HP2 in the culture supernatants. Here, we observed dose-dependency also in HP2 production. When macrophages were treated with 0.1 ug of hsp70, no H 202 was found to be accumulated in the supernatant, whereas, on treatment with lowest ·effective concentration (1 ug/ml, as determined by previous experiment), a demonstrable quantity ofHP2 (0.288 ± 0.02 nM in NMO and 0.397 ± 0.02 nM in TAMs) was accumulated in the culture supernatants ( Fig. 4 ). An increase in the concentration of hsp70 led to a steady rise in HP2 production and at 10 ug (taken as standard optimal dose) a very high quantity (0.419 ± 0.03 in NMO and 0.523 ± 0.03 in TAMs) of H 202 was observed. LPS treatment induces the HP2 production at almost similar magnitude. In all cases, TAMs were found to be more responsive for H 202 production in comparison to NMO at the same concentration of hsp70, except that TAMs were found to be low responders ofLPS.
When time courses for the production of H 202 were followed, we observed, as others, that H 202 was demonstrable in the culture supernatant of both groups after incubation of at least 2 hrs. Also, on later study, after the incubation of 6, 12, 24 and 48 hrs, a substantial and steady rise in HP2 production was observed ( Fig. 5 ). On LPS treatment, only after 12 hrs of incubation, HP2 production was observed, which slowly dropped after 24 hrs of co-incubation.
Induction of TNF-a production by hsp70 in murine macrophages
When macrophage culture was treated with hsp70 for 24 hrs TNF-a in culture supernatant was demonstrated at the lowest concentration of 1 ug/ml ofhsp70 (1.39 ± 0.125 ng/ml). No TNF-a was found at the concentration of 0.1 ug/ml of hsp70, whereas on increasing the concentration of hsp70 from 1.0 ug, substantial and steady rises in TNF-a production were observed (2.098 ± 0.125 and 4.797 ± 0.145 at 5 ug and 10 ug respectively) for NMO. Release of TNF-a by TAMs was not found in similar magnitude as compared to NMO but showed higher production of TNF-a ( Fig. 6 ). For TAMs also, the lowest amount of hsp70 for TNF-a production was 1 ug (2.281 ± 0.125), and increasing concentration lead to the increased production of TNF-a (3.793 ± 0.145 and 7.498 ± 0.172 at 5 ug and 10 ug, respectively). Heat treatment completely destroyed hsp70 activity in both groups (data not shown). In this manner, TNF-a secretion in response to hsp70 was found to be dose-dependent, with1 ug/ml being the lowest effective concentration. On treatment with LPS, secretion of TNF-a was observed but lower than the optimal dose ofhsp70. For time course study ofTNF-a, we analyzed the culture supernatants ofthe groups at the time intervals of2, 6, 12,24 and 48 hrs. The TNF-a in supernatants was demonstrated as early as 2 hrs of incubation with hsp70 (taking an optimum dose 10 ug/ml) (Fig. 7) .
The TNF -o. production was found to be highest after incubation for 24 hrs (5.491 ± 0.555 for NMO and 7.01 ± 0.723 for TAMs) but thereafter a decline in TNF-a production was observed. However, TNFa was still well demonstrated after 48 hrs in both groups. The LPS treated followed a similar path, with lower expression of TNF-a than the optimal dose of hsp70 by both groups-of macrophages.
Post-immunization enhancement of TAMs responsiveness
TAMs harvested from mice immunized with different concentrations of hsp70 (5.0 ug, 10.0 ug, 50.0 ug, and 100.0 ug) showed comparatively more reactivity with LPS and IFN-y than the TAMs obtained before immunization at 24 hrs of incubation at 37°C. Before immunization, the culture supernatants of TAMs incubated with LPS were found to release 0.211 ± 0.035 /lM and with IFNy, 0.234 ± 0.04 /lM NO z ' while after immunization the nitrite level was found to be very high (1.077 ± 0.175 /lM), (Fig. 8A, B, C) . Similar effects were observed in the production of HP2 and TNF-a . The max imum level of all theses mediators (N0 2 , HP2' TNF-a) were found in culture supernatants of macrophages isolated from pre-immunized tumorbearing host with 50.0 pg hsp70 (data not shown) , but at a similar concentration, the production ofN0 2 , HP2 and TNF -a were found to be low in in vitro study of TAMs obtained before immunization. Fig.lO shows a Western blot analysis of inducible nitric oxide synthase in both NMO and TAMs. Immunoblotting show s a band with an estimated molecu lar weight of 130 kD (the known molecular mass of inducible nitric oxide synthase) in macrophages (NMO and TAMs). An identical molecular mass was found on blotting against purified iNOS protein. Inducib le nitric oxide synthase protein was increased in contrast to medium and further iNOS protein was found more expressed in TAMs in respect to NMO .
Effect ofH~p 70 on iNOS gene expression
DISCUSSION
Our findings show that hsp70 direct ly induces the production of reactive metabolic intermediates in normal and altered macrophages (TAMs). Therefore, the abrogated effect shown by heat denatured hsp70 preparation (data not shown) excluded the possibility of any contaminants. Hsp70 induces enhanced production of NO, HP2and TNFa in TAMs in vivo. The effect of IFN-y treatment on the in vivo stimulated TAMs indicates that a possible synergism in the function of the two molecules might exist. However, in this regard, the similar synergistic effect has been well-reported in in vitro experiment (21) . Macrophages have long been known to produce non-specific effector mediators NO, HP2 and TNF-a upon stimulation. It has been reported that activation of macrophages by HSPs also modulates the production of effector molecules. Macrophages are considered to be the first line of defense in conferring innate immunity against infection and malignancies. However, tumor growth simultaneously modulates the function of macrophages (22) . These tumorassociated macrophages are activated or polarized M2 macrophage population, which eventually have a tumor protective function. Usually, TAMs produce cytokines of immunosuppressive function or tumor growth promoting function, such as IL-lO and TGF-~and other suppressive mediators such as prostaglandin, with an extremely low level of NO. In this investigation, we observed higher levels of production of nitric oxide, hydrogen peroxide and tumor necrosis factor (TNF)-a in T-cell lymphoma model (cytotoxicity data not shown). NO is produced by activated macrophages through the enzymatic action of iNOS on terminal guanidinonitrogen of Larginine that yield L-citrulline as co-product, while NO is constitutively produced by TAMs at a lower level. Therefore, the release of these N0 2 , HP2 and TNF-a are considered as major tumoricidal mechanisms of activated macrophages in vitro (23) (24) (25) and in vivo (26) (27) .
The pathophysiological relevance of the TAMs in response to either microbial or autologous hsp70 has not yet been determined in any tumor cell types including T-cell lymphoma. TAMs have different characteristics with normal macrophages due to association with tumor. Since TAMs Li. show enhanced activity upon activation hsp70, as our observations confirm, this might be preactivated or raged macrophages, which could be of relevance in immunotherapeutic protocols against malignancies. Normally, most of the hsp70 that are constitutively synthesized and localized in the cytosol are expressed and induced in inflammatory conditions (28) (29) 30) such as in malignancies and other diseases. Necrosis of these inflamed cells provides highly local concentration ofhsp70 in extra cellular microenvironment for stimulation of an immune response. Consequently, in peritoneal fluids from females with endometriosis, the increased expression of hsp60 and cytokines has been reported (31) . Unstimulated macrophages do not show any changes at the synthesis level, nor in the production of reactive intermediates. Therefore, it can be concluded that hsp70 must exert a stimulatory effect at the transcriptional and expression level of the proteins; the immunoblot confirms this assumption. We observed a sharp increase in the expression of iNOS gene products that is consistent with the previous observations (16) . We also observed a sharp increase in iNOS gene product in TAMs treated with hsp70 in comparison to normal macrophages (NMO) at the same condition. The intracellular signaling events involved in RNI, ROI and TNF-a production are not well understood. However, the expression of iNOS in murine macrophage has been shown to be dependent on NFKB activation (8-9) that is linked to TLR-signaling pathway conferred by LPS. The enhanced production of reactive nitrogen intermediate (RNI), reactive oxygen intermediate (RO!) and TNF-a by TAMs indicates the possibility that TAMs are more responsive to hsp70, or there might be a possibility that TAMs show enhanced cell surface expression of receptor that are thought to be specific for hsp70. In this regard, the enhanced production of NO, HP2 and TNF-a by hsp70 activated TAMs is likely to have consequences for the control of tumor. Our results also indicate that enhanced production of RNI, ROI and TNF-a by TAMs causes higher levels of these non-specific mediators that may contribute to a decreased susceptibility to tumorigenesis. Therefore, these immunomodulatory properties of hsp70 can be amalgamated in preparation of immunotherapeutic protocol based on hsp70 to fight against malignancies (32) . Further investigation is needed on hsp70 mediated signal transduction pathways of the complex immune network.
